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The historical development of ground based astronomical telescopes leads us to expect that space-based astronomical tele- 
scopes will need to be operational for many decades. The exchange of scientific instruments in space will be a prerequisite 
for the long lasting scientific success of such missions. Operationally, the possibility to repair or replace key spacecraft 
components in space will be mandatory. We argue that these requirements can be fulfilled with robotic missions and see 
the development of the required engineering as the main challenge. Ground based operations, scientifically and techni- 
cally, will require a low operational budget of the running costs. These can be achieved through enhanced autonomy of the 
spacecraft and mission independent concepts for the support of the software. This concept can be applied to areas where 
the mirror capabilities do not constrain the lifetime of the mission. 
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tronomy and we present in section [3] a concept for space 
mission. In section|4]we discuss the technical and organiza- 
tional feasibility followed by some concluding remarks in 
section [5] 

2 Ground observatories 



1 Introduction 

Today, about 20% of the articles in major astronomical jour- 
nals (Astronomy and Astrophysics, The Astrophysical Jour- 
nal and Monthly Notices of the Royal Astronomical So- 
ciety), refer to X-rays in their title or abstract. This illus- 
trates the fact that X-ray observations have become one of 
our main tools of astrophysical research. This development 

is based on a fleet of satellites with three observatory-type „ , . . juj. • i u 

J ]v Over the last century ground based astronomical observing 
facilities currently operating: Chandra (Weisskopf et al. e .. ■ , . , 

1 F . 2 , F . facilities were the subiect to a maior developmental process. 

2002), XMM-Newton (Jansen et al. 2001) and Suzaku (Mitsudaxt.al. 2007)1 u t ■ , , , . 4 

^ . ' , , ..... ~ ; . , , — ; — Tuday, ms t class observatories are generally funded either 

nationally or even multi-nationally, e.g. ESO, ALMA, etc. 



During the last thirty years the astronomical community had 
almost permanent access to X-ray observations through a 
multitude of national and international missions, e.g. HEAO-| 
1, Einstein, EXOSAT, Ginga, ROSAT, ASCA and BeppoSax.| 

Active astronomers expect to have permanent access to 
the X-ray sky with observatory-class facilities to satisfy 
their scientific needs. Although the funding agencies rec- 
ognize this demand as demonstrated by the high priority 
that the next generation X-ray telescopes received in US 
Decadal Survey and in ESA's Cosmic Vision, the future is 
far from certain due to budget constraints and the require- 
ment to explore other observational areas through space 
born facilities, e.g. the gravitational waves. Even if there 
would be an approved next-generation X-ray telescope, the 
basic expectation, permanent access to the X-ray sky would 
only be temporarily be satisfied due to the restricted lifetime 
of space missions. 

In this paper we try to explore if ground based astron- 
omy and its recent history can be a helpful guide. In sec- 
tion |2] we outline basic development in ground based as- 
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The primary characteristic of a telescope is its collecting 
area, and substantial scientific impact can be expected if it 
is possible to increase the collecting area by factor of ten 
(greater than five as minimum). The development cycle for 
such mirror advances is some thirty years. Instrumentations 
develop at a much faster rate. Within some ten years, in- 
strumentation shows impressive progress. Construction of a 
telescope mounting, a dome and the mirror itself are the ma- 
jor costs. In comparison to these costs, the instrumentation 
requires only minor resources. Operations are an important 
aspect because their costs have to be paid annually. Gener- 
ally, an observatory supports several telescopes allowing the 
minimization of the operational costs due to a high amount 
of synergy between operations of the individual telescopes. 
A leading observatory has to provide a new primary tele- 
scope every thirty years in order to continue to be scientif- 
ically competitive, whereas the instrumentation is replaced 
on shorter time scales. In general, older telescopes continue 
to be operated reaching operational lifetimes of some sixty 
years maximizing the scientific return on the primary invest- 
ment. 
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3 Outline of a concept 

If we want to transfer concepts of ground based observa- 
tories into space then we must consider space borne tele- 
scopes with operational lifetimes of forty to sixty years. It 
is obvious that such telescopes will need maintenance in 
space. Only robotic maintenance missions can be expected 
to provide these at reasonable costs. Beside repair and re- 
placement of failing components, and substitution of con- 
sumables, they will transport and install new instruments 
such that the scientific value of the observatory remains 
competitive. The robotically maintained space telescope 
should include the following components: 

1. Selection of roboticaly maintained space telescope: It is 
impossible to predict the astronomical requirements or 
the development of scientific instruments on timescales 
of thirty to sixty years. Therefore, the main criteria for 
the decision to build a robotic maintained space tele- 
scope must be the progress achieved in the engineering, 
construction and manufacturing of the satellite and the 
mirror and specifically the possibility to increase of col- 
lecting area of the mirror. We can assume that an in- 
crease in the effective area by a factor of 10 (>5) will 
bring substantial scientific progress and justify the se- 
lection of a mission. A further important criterion is the 
achievable sensitivity in comparison with other wave- 
lengths as the scientific merit increases with wider 
wavelength coverage. Depending on the wavelength, an 
increase of the spatial resolution or other performance 
parameter may be an important addition. 

2. The space telescope: The primary goal is a long lifetime, 
i.e. a designed lifetime of some thirty years with a po- 
tential to operate for sixty years. Because it can not be 
expected that a mission will operate for such a long time 
without any failure, the mission must be constructed for 
robotic maintenance in space. Most important will be 
the possibility to replace consumables and the possi- 
bility to replace key spacecraft components, e.g. gyro- 
scopes or reaction wheels. From the scientific side it is 
most important that the spacecraft allows a simple ex- 
change of the scientific instruments. 

3. Robotic maintenance missions: Assuming a typical in- 
strumental development cycle of ten years, robotic 
maintenance missions may visit the space telescope 
once each decade. The maintenance spacecraft must be 
able to perform small repairs, substitute key spacecraft 
elements, refill consumables and specifically to replace 
scientific instruments. The replacement of the scientific 
instrument is of utmost importance to ensure the scien- 
tific competitiveness of the mission. 

4. Operations: Given the long lifetime of the space tele- 
scope it is of importance that the ground operations run 
with extremely low costs. These can be ensured by a 
highly automated and autonomous telescope and on- 
board instruments. Another aspect is the software used 
for ground operations. The challenge here is that the 



software has to be useable over many decades. A further 
important issue is the amount of funds the community 
can contribute to the scientific aspects of the operation 
of the mission, e.g. instrument calibration etc.. 
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Fig. 1 This figure illustrates the huge potential benefit of 
replacing the scientific instruments on XMM-Newton with 
microcalorimeter spectrometers. The black curve shows the 
effective area of hypothetical X-ray microcalorimeter spec- 
trometers behind the three mirror modules on board of 
XMM-Newton. Details of the calculations are provided in 
the appendix [A] For comparison the effective areas of the 
two currently operating Reflection Grating Spectrometers 
are given in red where we added the effective area of both 
spectrometers and the 1 st and 2 nd order. 



4 Feasibility of a robotically maintained 
space telescope 

Almost no challenge for robotically maintained space tele- 
scopes is new, unsolved or not already a hot topic of de- 
velopment and engineering and therefore is expected to be 
available within a decade. In the following section we give 
some comments on the arguments brought forward above 
and provide examples to illustrate the claims: 

1. Selection of roboticaly maintained space telescope: 
|Lang (2010)| illustrated impressively that astronomical 
research was and is fundamentally driven from unex- 
pected detections which were possible only due to tech- 
nological advance. The thirty years long research to 
identify the nature of gamma ray bursts ( Klebesa del et al. 1 973l| 
and |van Paradijs et al. 19 97), illustrates the importance 
to have comparable sensitivity at different wavelengths 
combined with adequate spatial resolution. A good ex- 
ample is the current debate on the electro-magnetic 
counterparts of gravitational wave sources. Specifically 
the X-ray energies are considered most promising (Komoss a 2010)H 
implying that a gravitat-ional wave telescope should be 
operated simultaneously with a large X-ray telescope. 
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Only when we achieve simultaneous coverage at differ- 
ent wavelengths will the astronomical progress be opti- 
mal and efficient. 

2. The space telescope: With respect to the space tele- 
scope, the foremost question is the scientific competi- 
tiveness of the collecting area on timescales of thirty to 
sixty years. Fig. 1 demonstrates that the effective area of 
hypothetical microcalorimeter spectrometers on board 
of XMM-Newton would exceed the effective area of 
the currently operating Reflection Grating Spectrome- 
ters (RGS, |den Herder et al. (2001)| l by more than a fac- 
tor ten. Both instruments can reasonably be assumed to 
have comparable spectral resolution. Currently, there is 
no plan for a mission that has spatial resolution com- 
parable to Chandra. Therefore, there will be a continual 
scientific demand that can only be satisfied by Chan- 
dra observations and there is not successor likely be to 
happen for some decades. A further example is ROSAT 
|(Trumper 1982)] which operated from 1990 to 1999. Its 
grasp in the energy range from 0. 1 to 2.0 keV was signif- 
icantly higher that the grasp of XMM-Newton. In com- 
bination with the low background due to ROSATs orbit, 
large surveys aiming for cosmological studies could be 
performed with an operating ROSAT in about half the 
time required by XMM-Newton. These three examples 
illustrate that a conservation of telescop collecting areas 
for some thirty years is scientifically compelling. Chan- 
dra and XMM-Newton are now operating for twelve 
years |(Santos-Lle6 et al. 2009)[ IUE reached an opera- 
tional lifetime of eighteen years (Wamst eker et al. 2 000) 
and HST is now twenty-two years old (Dalcanton 2009) 
Therefore, lifetimes of sixty years are within the range 
of technological possibilities. HST is the only astronom- 
ical satellite which was constructed for maintenance in 
space and several components and instruments were re- 
placed by astronauts. Most probably robotically main- 
tained space telescopes will require a modular construc- 
tion of the spacecraft allowing easy replacements of 
complete units and therefore reducing the complexity 
of the robotic maintenance missions. Such modular ele- 
ments may offer the possibility of general cost reduction 
because the modules might be used by several robot- 
ically maintained scientific and commercial satellites. 
The planning for the replacement of scientific instru- 
ments with maintenance missions significantly reduces 
the risk in the development of the primary generation of 
instruments that can constraint to established technol- 
ogy- 

3. Robotic maintenance missions: The engineering of the 
spacecraft for robotic maintenance is the most challeng- 
ing task for this concept. To development the required 
engineering skills for a single specific mission or task 
would most probably be inefficient due to the high costs. 
Robotic spacecrafts must maintain a wide range of com- 
mercial and scientific missions and may either be reused 
or built in large numbers. However, international, inter- 



governmental, national as well as private companies are 
currently developing such spacecrafts and the main is- 
sue is to utilize these developments also for scientific 
purposes. Examples for developments in this direction 
are the Special Purpose Dexterous Manipulator of Mac- 
Donald, Dettwiler and Associates (MDA), the Robotic 
Refueling Mission of NASA, the $280 million contract 
between Intelsat and MDA to develop robots for sim- 
ple repairs and refueling of geostationary communica- 
tion satellites and the Deutsche Orbital Servicing Mis- 
sion of DLR for repair and non-destructive capturing of 
satellites. It is important to see that such robotic mainte- 
nance mission will have very low costs, e.g. a refueling 
mission is estimated to cost some thirty to fifty million 
dollars. With respect to the exchange of scientific in- 
struments it is important that scientific instruments gen- 
erally have very low mass in comparison to the weight 
of the spacecraft and its mirror. ROSAT had a mass of 
some 2,500 kg, XMM-Newton has a mass of 3,800 kg 
and Chandra has a mass of 4,800 kg, respectively. For 
comparison a X-ray microcalorimeter spectrometer with 
cryogenic cooling has a mass of some 400 kg and a po- 
larimeter has a mass of some 10 kg. The overall risk 
in association with the development and employment 
of new instruments is significantly reduced because the 
robotic maintenance mission would be easier and 
cheaper than the primary mission and can be delayed. 
4. Operations: Operational costs are important due to the 
long lifetime of the mission. Ideally astronomers should 
be able to operate the satellite within their research 
work. There are strong development lines in this direc- 
tion. Now, many astronomical satellites are contin- 
uously operating for days without interaction with the 
ground station. The Swift satellite already allows as- 
tronomers to change the pointing direction with a cell 
phone call. Instruments can be developed such that no 
pointing direction will put them on risk and the instru- 
ments can be able to cope autonomously with unex- 
pected source fluxes or radiation environment. The 
maintenance of operational and scientific software over 
decades is challenging. The solution can only be to 
avoid mission specific software as far as possible and 
be in a modular system structure. Many examples of 
task specific software are already applied in astrophysi- 
cal and operational contexts. Ideally the individual mis- 
sions would define their specific requirements simply in 
the form of configuration files whereas the software it- 
self is unchanged. Ideally, astronomers could easily in- 
stall the software by themselves. The HEASARC re- 
mote proposal submission system is an example for such 
a task specific software component. Scientific analysis 
software packages, like MIDAS or IRAF, are further ex- 
amples of widely used mission independent software. 
Although the investments to establish a full set of op- 
erations and scientific software along the engineering 
concepts is high, the pay off would be threefold: (a) as- 
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tronomers would not have to spend time to familiarize 
themselves with new software, (b) the costs of further 
science operation center development would be drasti- 
cally reduced, and (c) the development risk would basi- 
cally be eliminated. 

5 Conclusions 

Most of the examples provided come from X-ray astron- 
omy and reflect experiences of the author. However, the 
concept of robotically maintained space observatories itself 
are naturally wavelength independent. The concept may be 
applied at any wavelength where the mirror capacities are 
sufficiently advanced such that the number of potential tar- 
gets does not naturally constrain the lifetime of the mission. 
The application of the concept further depends on the ratio 
of instrument mass to space telescope mass and the devel- 
opment cycle of the instruments. The concept depends on 
the progress in robotic engineering, but currently enormous 
efforts and progress are being made. The scientific commu- 
nity is asked to consider and utilize the progress made in 
robotics for their future space missions. 
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A Effective area of hypothetical X-ray 
microcalorimeter spectrometer onboard of 
XMM-Newton 

XMM-Newton has three X-ray telescopes. To estimate the total ef- 
fective area of hypothetical X-ray microcalorimeter spectrometers 
onboard XMM-Newton we considered three components: the ef- 
fective area of the telescopes, the filter transmission and the quan- 
tum efficiency of the microcalorimeter. 

The pn-CCD camera (Struder et al. 2001) is operated in the 
focal plane of X-ray telescope 3 which is the telescope without re- 
flection grating array unit. We use the on-axis effective area of tele- 
scope 3 as provided in the current calibration file XRT3_XAREAE 
F.OOll.CCffl We approximate the transmission of the optical fil- 
ters of the microcalorimeter through the transmission of the thick 
filter of pn (EPN_FILTERTRANSX_0014.CCF 1 ). We assume a 
quantum efficiency (including filling factor and 'dead' detector el- 
ements) of 0.93 for energies below 4.5 keV which decreases with 
~0.11 keV" 1 for higher energies. The obtained total effective area 
is added as on line material (xmm.cal.fits). 



© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Wcinhcim 



http://xmm2.esac.esa.int/external/xmm_sw_cal/calib/rel_notes/index. 
shtml 



www.an-journal.org 



